Spectroscopic constants for InCl and InCl 3 are determined by a coupled cluster procedure using relatively large basis sets and an energy-consistent semilocal three valence electron pseudopotential for indium. Possible errors within the pseudopotential approximation are discussed in detail by comparison of available pseudopotentials adjusted through different techniques. Core-polarization corrections and the deviation from a point core approximation are discussed. These corrections, however, do not lead to more accurate bond distances as compared to the experimental results. Differently adjusted three valence electron pseudopotentials yield quite different results for the bond distances of InCl and InCl 3 . The single-electron adjusted energy-consistent pseudopotential of Igel-Mann et al. ͓Mol. Phys. 65, 1321 ͑1988͔͒ yields the best results and therefore, this pseudopotential has been chosen for all further investigations on molecular properties. The Dunham parameters for InCl are calculated by solving the vibrational-rotational Schrödinger equation numerically. A finite field technique is used to determine the dipole moment and dipole-polarizability of diatomic InCl. The dependence of several molecular properties on the vibrational quantum state is determined by calculating the expectation value P n ϭ͗n͉P(R)͉n͘, where P(R) is the distance dependent molecular property. The P(R) curves show strong linear behavior and therefore, the shape of the P n curve is mostly determined by anharmonicity effects in the InCl potential curve. For the vibrational ground state, ͉0͘, the calculated property P 0 deviates only slightly from the property determined directly at the equilibrium distance, P e . There is in general satisfying agreement of our calculated values with available experimental results. However, it is concluded that in order to obtain very accurate spectroscopic constants a small core definition for indium has to be preferred.
INTRODUCTION
For heavy element containing compounds relativistic effects become important and cannot be neglected. 1 The scalar relativistic pseudopotential method is the most widely used approximation to account for such effects and recently, spinorbit coupled pseudopotentials have been developed for most of the heavy elements. 2 However, the pseudopotential approximation [3] [4] [5] has openly been criticized. [6] [7] [8] Both Malli and Pyper stated that relativistic pseudopotential schemes are theoretically dubious and that the reliability of such calculations is always open to question until these have been checked against accurate all-electron calculations. 6, 7 All current ͑nonrelativistic and relativistic͒ model potential schemes start from the ͑generalized͒ Phillips-Kleinman ͑PK͒ operator. 3, 4 The main difficulties arise when the PK operator is replaced by some pseudo-operators leading either to ab initio model potentials ͑AIMP͒ ͑Ref. 9͒ or to the more common pseudopotentials having nodeless valence orbitals for the lowest symmetry states ͑abbreviated simply as PP, pseudopotentials, or ECP, effective core potentials͒. We mention that four component relativistic pseudopotential procedures using nodeless valence orbitals 10 lack indeed some justification on how one should treat the pseudo-operator acting on the small component s , since s has most of its density below the usual cutoff region of the large component L .
For the widely used scalar relativistic or spin-orbit coupled pseudopotentials one faces two major points of criticism. First, relativistic perturbation operators 11 usually act in close vicinity of the nucleus and nodeless orbitals used in most pseudopotential approximations ͑PPA͒ have the wrong functional behavior in such regions. This criticism may, however, only be partly justified since relativistic effects are ''shifted'' into the valence region within the pseudopotential approximation. 7, 12 Even more convincingly, benchmark cala͒
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culations on relativistic effects show very encouraging results when comparing to other techniques. 13 The second criticism is that different pseudopotential parameters published yield quite different results for molecular properties 8, 14 and titles such as ''Pseudopotentials that work '' 15 may lead to the opinion that some of the published pseudopotentials work and some not. Moreover, one may obtain results of different quality for different molecules. Therefore, an interesting debate on the transferability of pseudopotentials, i.e., the validity of this approximation for the calculation of molecular properties, has arisen in the last few years, see for example the various discussions and replies in Refs. 8, 14, 16, and 17 . It is of great interest whether or not pseudopotentials are able to produce accurate spectroscopic constants comparable to Hartree-Fock and experimental results. We will therefore discuss some aspects of the pseudopotential approximation in detail.
In this first paper of our series we study different three valence electron pseudopotentials for indium. It turns out that effects usually neglected in pseudopotential schemes can be unusually large for the bond distance of diatomic InCl. We mention that the Cl(3s) valence orbital is quasidegenerate with the In(4d) core orbital 18 and therefore, diatomic InCl is an interesting test case for various pseudopotential definitions.
In a previous paper we showed that the decomposition of group 13 compounds MX 3 →MXϩX 2 ͑XϭH,F͒ is not very dependent upon electron correlation. 19, 20 Hence, even at the Hartree-Fock level one can obtain reasonable decomposition energies. 20 This is in contrast, for example, to the decomposition of Au͑III͒ compounds, AuX 4 Ϫ →AuX 2 Ϫ ϩX 2 , which is very sensitive to electron correlation effects. 21 Raghavachari and Trucks highlighted the difficulties inherent in the Møller-Plesset ͑MP͒ theory for transition elements. 22 In a recent paper we investigated the convergence of the many body perturbation theory for molecular properties of group 13 compounds in some detail. It is of interest whether a method most intensively used in quantum chemistry such as MP2 can accurately predict dissociation energies for main group compounds. 22 Barett and Mandel reported accurate spectroscopic constants determined from the microwave spectrum of InCl. 23 Only InCl has been studied theoretically by other groups. 24 -26 Von Niessen investigated the ionization potential of InCl using Green's function methods. 26 Dobbs and Hehre carried out all-electron calculations using a 3-21G* basis set obtaining quite reasonable results for the bond distance and dipole moment of InCl. 25 Balasubramanian et al.
24
used Hay-Wadt pseudopotentials 27, 28 with a rather limited basis set. They obtained a dipole moment for InCl which is 0.8 D below the experimental value. They contributed part of this effect as to be due to the difference between the dipole moment at the equilibrium distance, e , and the vibrationally averaged dipole moment for the vibrational ground state (nϭ0) of InCl, ͑0͒. However, this would be an unusually large vibrational effect not reported so far for any molecule and we will investigate vibrational contributions to molecular properties in detail. There is also some uncertainty about the vibrational behavior of the chlorine nuclear quadrupole coupling constant ͑NQCC͒. Delvigne and Wijn obtained for the 35 Cl NQCC (Ϫ13.71ϩ0.4n) MHz ͑n ϭvibrational quantum number͒, 29 while Hoeft et al. measured (Ϫ13.63Ϫ0.6n) MHz with the opposite sign. 30 In both cases the experimental uncertainty is quite large. 29, 30 This paper contains essentially two independent parts. We first discuss the pseudopotential approximation in detail. Since the coupled cluster calculations 31 performed for InCl 3 become quite demanding in computer time, we decided to use a ''less accurate'' three valence electron pseudopotential for all future investigations, and show that even such an approximation can lead to reliable molecular properties in good agreement with experimental results. Pseudopotential calculations using a smaller core definition will be presented in a subsequent paper. We present Møller-Plesset 32 and coupled cluster calculations 31 to determine a variety of spectroscopic constants of InCl and InCl 3 . Some of these, like the polarizability of InCl and the decomposition energy of InCl 3 , are not known experimentally. We also study 35 Cl
37
Cl isotope effects because experimental data for comparison are scarce.
COMPUTATIONAL DETAILS
To start we chose an energy adjusted semilocal 3-valence electron pseudopotential ͑PP͒ of Igel-Mann et al., obtained by a single-electron fit procedure ͑SEFIT͒ ͑Ref. 33͒ to produce molecular properties for InCl and InCl 3 . The molecular valence Hamiltonian used is defined as follows ͑in a.u.͒: 34 HϭϪ 1
with a semilocal pseudopotential for core ,
i and j are electron indices, and are core indices, Q is the charge of core ͑Q In ϭ3, Q Cl ϭ17͒ and P l is the projection operator onto the Hilbert subspace of core with angular symmetry l. The parameters A lk and a lk are adjusted to the important valence spectrum of the corresponding atom. In contrast to other fit procedures ͑shape consistent PP, norm-conserving PP͒ ͑Refs. 35,36͒ we like to introduce the term energy-consistent PP for our fit technique. Energyconsistent PPs produce nodeless pseudo-orbitals for the lowest valence states. The experimental energies of indium for the SEFIT procedure were taken from Refs. 37 and 38. We will see later on that this SEFIT PP ͑Ref. 33͒ produces very good results for the bond distances of InCl and InCl 3 when compared to other fit techniques and therefore, we use the simple SEFIT PP for all calculations on spectroscopic constants of InCl and InCl 3 . The basis set for indium was an uncontracted (7s/6p/1d) valence set as described in Ref. 39 . Chlorine is treated as an all-electron atom in all calculations in order to avoid additional errors resulting from a pseudopotential approximation for the chlorine atom. For chlorine we used a Dunning (13s/ 10p/1d)/(8s/6p/1d) set 41 43 The Dunham fit was used to obtain spectroscopic constants from the calculated vibrationalrotational spectrum of InCl. 44 The sign definition of Huber and Herzberg was used for the Dunham series. 45 Spectroscopic constants smaller than 10 Ϫ8 cm Ϫ1 are neglected in this analysis. For InCl 3 we calculated the harmonic vibrational spectrum only up to the MP3 level 42, 46 because the frequencies seem not to be very dependent upon electron correlation. The isotopes 115 In, 35 Cl, and 37 Cl were used for the vibrational analysis. Isotope effects resulting from 113 In are comparably small and were therefore neglected ͑compare the reduced masses in g/mol for 113 Cl: 27.7662͒. The dipole moment and the static dipole polarizability ␣ were determined by using the finite field technique ͑FFT͒ with small electric fields of Ϯ0.002 a.u. in parallel direction to the molecular axis and of ϩ0.002 a.u. in perpendicular direction to the molecular axis. The internuclear distance dependence of the dipole moment and dipole-polarizability was determined for a small distance range around the equilibrium bond length. The dependence of the averaged internuclear distance R, the dipole moment, the static dipole polarizability and the electric field gradient on the vibrational structure of the molecule has been determined by calculating the matrix elements ͗n͉P͉n͘ ͑abbrevi-ated as P n in the following͒ for a particular vibronic state ͉n͘ and molecular property P. 47 Since the rotational dependence was found to be insignificant, we set Jϭ0, use the abbreviation ͉n͘ϵ͉n,Jϭ0͘ and all P n values reported are averaged over the rotational ground state Jϭ0. We used the formula e 2 qQ/h ͑MHz͒ϭ234.9 ͑eq/a.u.͒ ͑eQ/10 Ϫ24 cm 2 ͒ to convert field gradients given in a.u. to nuclear quadrupole coupling constants ͑NQCC͒ in MHz. The nuclear quadrupole moments of Ref. 48 
ACCURACY OF THE PSEUDOPOTENTIAL APPROXIMATION
If ''accurate'' spectroscopic constants from ab initio calculations are reported one should discuss possible errors in the computational procedure. Beside basis set effects like basis set superposition and extension errors, which are small at the HF and CI level for the basis sets used here, the main source of error lies in the pseudopotential approximation ͑PPA͒. 49 Well known error sources within the PPA using nodeless orbitals are, ͑i͒ the nonconstancy of the atomic core with increasing number of valence electrons and the molecular field; ͑ii͒ errors resulting from the pseudoorbital transformation and the fit procedure, the pseudopotential ansatz itself, defects in the basis set used in the fit procedure etc.; ͑iii͒ core-overlap effects; ͑iv͒ core-polarization effects; and ͑v͒ the possible overestimation of valence correlation effects due to the inner nodeless behaviour of the valence orbitals.
All these effects are usually assumed to be rather small if the core has been carefully chosen, the fit-procedure has been carried out with great care and basis sets of high quality are applied. One should avoid a large number of fit functions ͑normally Gaussian functions͒ in order to avoid unphysical oscillations in the PP and one has to take care, that higher angular quantum states in the pseudoatom are well described, for instance by a local potential, or by a semilocal potential including higher l-terms in the projection operator since they become important at larger distances. The latter effect ͑v͒ may be more difficult to avoid, see for example the discussion of Pittel and Schwarz 50 and Teichteil et al. 51 The two corrections ͑iii͒ and ͑iv͒ are rather difficult to account for, especially for large and polarizable cores. Effect ͑i͒ can be partially compensated by using energy-consistent PPs determined by a multielectron fit procedure ͑MEFIT͒ instead of a single one valence electron fit procedure ͑SEFIT͒, 52 in other words, one should adjust to a rather extensive valence spectrum of the atom and ions including the important spectrum of the neutral atom, as emphasized very early by Durand and Barthelat. 53 We like to point out that the adjustment of the PP parameters has little to do with the basis set determined for a certain PP. The pseudopotential parameters are usually determined from numerical all-electron calculations, which are independent of any basis set. This is in contrast to ab initio model potentials used by Huzinaga and co-workers. 9 Like in the ab initio all-electron case, the basis set is adjusted after the parameters have been determined, usually by an energy minimization procedure. Hence, to compare the performance of different PPs one should use the same quality in the basis set expansion ͑see discussion in Ref. 14͒ .
In order to test the reliability of the simple three valence electron SEFIT PP for indium, additional HF and MP2 calculations for InCl and InCl 3 using the MEFIT PP of Bergner et al. 54 ͑MEFIT1͒ were carried out, Table I . The MEFIT1 PP leads to ϳ0.03 Å shorter bond distances ͑MEFIT1ϩV lϭ3 , Table I͒ compared to the SEFIT PP. The original SEFIT PP does not contain a term for the higher angular quantum number lϭ3 (V lϭ3 ϭ0) ͑Ref. 33͒ in contrast to the MEFIT1 PP. It is therefore of interest to test the importance of higher angular momentum contributions to the PP. The values listed in Table I show that part of the decrease in the bond distance when changing from the SEFIT to the MEFIT1 PP is indeed due to the V lϭ3 term, i.e., compare the MEFIT1ϩV lϭ3 with the MEFIT1 results. The MP2 results show a similar picture.
For the core-polarization ͑CP͒ ͑Ref. 59͒ we use the formalism introduced by Müller, Flesch, and Meyer 60 ͑see also Schwarz et al.
61
͒ and consequently applied to the pseudopotential approximation by Stoll, Szentpaly, and co-workers, 62 ,63
V Pol is the core-polarization potential ͑CPP͒, ␣ is the dipole polarizability of the core ͑In 3ϩ in our case͒, and f is the vector field produced by the valence electrons and the other nuclei at core ,
We chose qϭ1, ␣ϭ3.22 a.u. for In 3ϩ and a cutoff parameter of ␦ϭ0.3535. 33 Only first order effects in the multipole expansion are considered, i.e., we neclect quadrupole and higher multipole effects. The corresponding multicenter integrals over Cartesian Gaussian functions are solved 64 and have recently been brought into an efficient computer code. 65 The HF results including the CPP are listed in Table I 3 valence correlation slightly increases the bond distance by ϳ0.005-0.008 Å. The experimentally determined bond distance of InCl 3 ͑r a ϭ2.289 Å ͑Ref. 57͒ may be slightly larger compared to the r e value since it originates from a gas phase electron diffraction study at 315°C ͑a typical correction for this effect is ϳ0.01 Å, see discussion below͒. Hence, the corrected experimental bond distance will be in rather good agreement with our calculated value of 2.272 Å, but without inclusion of a CPP ͑in contrast to diatomic InCl͒. However, if a CPP is included the bond distance is ϳ0.04 Å below the experimental value.
We also tested a different cutoff function using qϭ2. From a Taylor expansion of the cutoff function one can estimate that the new exponent ␦Ј for qϭ2 is related to the old exponent ␦ for qϭ1 by ␦ЈϾ␦ for small ␦, and a fit-procedure as described in Ref. 33 mdyn/Å͒ to 301.8 cm Ϫ1 ͑1.438 mdyn/Å͒ due to inclusion of CPP.
As mentioned above, core-overlap effects may also be important. 66, 67 In order to estimate the deviation from a point-charged core model introduced by the pseudopotential approximation we write down the Coulomb interaction between a point charge Q A ͑in our case the chlorine nucleus, i.e., Q Cl ϭ17͒ and a core B with the density distribution B ,
From this we obtain an estimate for the nucleus-core repulsion correction V CCR ,
The Coulomb contributions J r from the core B were calculated at the nonrelativistic and relativistic level using a modified version of the numerical Dirac-Fock program MCDF81.
68 Figure 1 shows the calculated core-core repulsion corrections V CCR for a 3-valence electron system and one chlorine atom for the atoms B, Al, Ga, In, and Tl. , which will have a larger core and therefore a larger CCR correction, does not change this situation.
In order to estimate possible errors in the fit procedure we repeated the MEFIT technique using 31 different valence states from all-electron Wood-Boring 69 calculations. This fit-procedure includes the one valence electron states originally used for the SEFIT procedure. In Table III we list the newly adjusted PP parameters and Table IV compares the HF valence spectrum produced by the different PPs. As can be seen the MEFIT2 PP describes most accurately the valence spectrum of the indium atom. The MEFIT2 bond distance now lies in between the SEFIT and MEFIT1 results for both InCl and InCl 3 . However, the inclusion of CPP and higher angular momentum terms would still lead to a bond distance of ϳ0.05 Å too short compared to the experimental value. This clearly shows that a three valence electron energyconsistent multielectron adjusted PP including CPP and CRC corrections cannot accurately reproduce the bond distance of InCl! It is therefore interesting to compare with other fit techniques used by other groups. Table I shows a comparison of all current three valence electron pseudopotentials of indium for the molecules InCl and InCl 3 . Note that the bond lengths of the different PPs in use vary from 2.428 Å ͑T͒ to 2.380 Å ͑CEϩV lϾ2 ͒, hence the variation of the InCl bond distance by different PP approximations is ϳ0.05 Å! A similar situation is found for InCl 3 . However, if one compares the pseudopotentials leaving out the V lϾ2 projectors, the variation is only 0.027 Å at the HF level. Figure 2 compares the functional form of the different pseudopotentials for indium. In order to show the differences between the curves more clearly, we leave out the centrifugal term and the core-electron Coulomb attraction in the potential and show the Gaussian expansion only, V l ͓Eq. ͑2͔͒. pseudopotentials. The shape-consistent PPs are more repulsive in the lϭ1 term ͑V l in Fig. 2͒ compared to the energyconsistent PPs, and this explains the larger bond distances for the HW, CE, and T PPs compared to the SEFIT, MEFIT1, and MEFIT2 PPs ͑if V lϾ2 ϭ0͒. Table IV shows, however, that the shape-consistent pseudopotentials deviate quite substantially from the all-electron HF valence spectrum of indium. Figure 3 shows the 5s and 5p orbitals of ground state indium (5s 2 5p 1 , 2 P) derived numerically 69 from various PPs in comparison with all-electron Wood-Boring results. Despite the large deviations between the different PP functions ͑Fig. 2͒, there is very good agreement between the different models used. This again points out that shape-consistency for some few chosen orbitals is not a guarantee for the overall quality of the pseudopotential approximation. We point out, however, that the energy-consistent PPs seem to satisfy shape-consistency automatically.
A comparison between the n f 1 and ng 1 valence energies shows only slight energy differences, for example, the 5 f 1 and 5g 1 levels are almost degenerate and even V lϭ3 ϭ0 produces good results, Table IV . In other words, 5 f and 5g in indium behave almost hydrogen like ͑with Zϭ3͒. Hence, one may conclude that the f -operator can be neglected ͑as in the case of the SEFIT PP͒ or at least treated locally for lϾ2 ͓as in the case of the CE PP ͑Ref. 55͔͒. It is therefore even more surprising that the f -part of the PP has such a large influence on the InCl bond distance ͑Table I͒. Moreover, if the V lϾ3 term is included in the MEFIT2 PP ͑lϭ4 term in Table III͒ the bond distance changes substantially, i.e., inclusion of this term lowers the InCl bond length by 0.008 Å. Similar large effects of such higher angular momentum terms are found for the HW and CE PPs as well, Table I . We note that in an earlier study on CaO by Igel-Mann et al. using a 2-valence electron PP for Ca similar strong dependencies of the intermolecular distance on higher l-terms have been found. 70 We mentioned at the beginning that the Cl(3s) orbital is quasidegenerate with the In(4d) orbital 18 and therefore, the indium 4d-orbital can directly influence the Cl(s) participation in the In-Cl bond. The HF canonical orbitals show indeed a large mixing in the responsible occupied -MO, as this is shown in Fig. 4͑a͒ . However, after a Boys localization procedure this orbital becomes decoupled from Cl(3s), Fig.  4͑b͒ . Furthermore, a Mulliken population analysis at the HF or MP2 level shows a fully occupied d-core ͑n 4d ϭ10.29 at the HF level͒. It is not clear, therefore, whether the deviation of our results from the experimental values is really due to In(4d) -Cl(3s) mixing.
Finally, errors in the relativistic treatment cannot be responsible for the small calculated bond distance of InCl, preliminary all-electron HF results show that the bond distance of InCl slightly increases from 2.448 to 2.453 Å due to relativistic effects. We also believe that the different relativistic schemes used in the fit procedure are not responsible for the relatively large differences in the functional forms of the various PPs. This is supported by the fact that for the 5p state, which shows smaller scalar relativistic effects compared to the 5s state, we obtain the largest deviations in the functional behavior, Fig. 2 .
A more detailed study of all group 13 halides will be necessary in order to analyze the validity of a large core definition having only three electrons in the valence space. It is questionable if such an approximation for the group 13 elements is sufficient regarding the result of our calculations on InCl. A subsequent paper will compare different pseudopotential approximations using a small core definition for indium. However, for the following we decided to adopt the simple SEFIT PP without CPP and CRC corrections, 33 which leads to satisfying results for all molecular properties due to error compensation.
To summarize, the differences between the different fit procedures is 0.03 Å at most. The effect of including V lϾ2 terms reduces the bond distance by about 0.04 -0.05 Å. The effect of the CPP leads to a further reduction of the InCl bond distance of about 0.04 Å.
MOLECULAR PROPERTIES
The calculated spectroscopic constants for InCl are shown in Table V and compared with experimental results. As can be seen our calculated values generally agree very well with experimental results. The dissociation energies are not corrected for spin-orbit coupling. We expect, however, that the molecular spin-orbit stabilization is small compared to the atomic contribution. For the atoms we can estimate the spin-orbit stabilization using the experimental spin-orbit splitting of In and Cl resulting in a total stabilization of 21.1 kJ/mol. 37 The spin-orbit corrected dissociation energy for InCl is therefore 4.07 eV which still is in good agreement with the experimental result of 4.44 eV. 45 Isotope effects between the 35 Cl and 37 Cl nucleus are also shown in Table V , differences in molecular properties between the two isotopes 113 In and 115 In are very small and have been omitted. The centrifugal distortion constant D e and the vibrational-rotational coupling constant ␥ e are more sensitive to isotope effects than other properties listed in Table V . This is expected as D e and ␥ e are connected to the Dunham coefficients 74 Y 02 and Y 21 which are roughly proportional to Ϫ2 in contrast to the harmonic frequency which behaves ϳ Ϫ1/2 . The following polynomial ansatz for a certain molecular property P(R) of InCl is taken:
where xϭ(RϪR e ), R is the internuclear distance and R e the minimum of the potential curve ⌬E(R) shown in Fig. 5 . The polynomial coefficients are listed in Table VI . With a polynomial like ͑7͒ for ⌬E(R), the potential curve can easily be transformed into a Dunham series 74 or into some modified Dunham series. 44 These coefficients can be used for calculating the vibrational-rotational behavior of molecular properties.
At the QCISD͑T͒ level we obtain the following approximate formulas for the dependence of molecular properties on the vibrational quantum state ͉n͘ ͑the number of significant digits do not reflect the accuracy of the calculation but rather shows more precisely the n-dependence͒,
For the EFG at the MP2 level we have ͑in a.u.͒, q n ϭ14.180ϩ0.091n for 35 Cl q n ϭ11.175ϩ0.070n for 37 Cl.
These properties show almost a linear behavior in the vibrational quantum number n ͑with the exception of a Ќ having a small nonlinear term͒. Moreover, as shown in Figs. 6 -8, the dependence of the dipole moment, polarizabilities and EFG on the internuclear distance is almost perfectly linear and therefore, the dependence on the vibrational state shown above arises mainly from the anharmonic behaviour of the potential curve ͑mechanical anharmonicity͒. 47 Hoeft et al. obtained the experimental dipole moment from Stark-effect measurements on the rotational transitions Jϭ1→2. 71 Cl are shown in Fig. 9 . Differences between the two isotopes are small and become slightly larger with increasing vibrational quantum number n. However, we point out that the calculated EFG curves do not show the correct long distance behavior, i.e., they do not approach the correct value for the EFG of the chlorine radical as R approaches infinity. Our closed shell SCF procedure forces a dissociation into the ionic fragments In ϩ and Cl Ϫ and therefore, q͑InCl͒→0 if R→ϱ. Even MP2 cannot correct this behavior, i.e., at a distance of ϳ3.25 Å both curves have a minimum. To avoid such anomalies, a multireference electron correlation procedure would be necessary. However, Cl ͑Ϫ13.21Ϯ0.21͒ is therefore again due to the large experimental error.
Dobbs and Hehre carried out all-electron calculations using a 3-21G basis set ͑r e ϭ2.504 Å and ϭ4.8 D͒ as well as a 3-21G* basis set ͑r e ϭ2.470 Å and ϭ3.8 D͒. 25 The difference in their two dipole moments demonstrates the importance of polarization functions. Their HF results 25 at the 3-21G* level compare well with our HF PP values ͑Table V͒. Von Niessen used Green's function methods ͑GF͒ with an extended Huzinaga basis set to determine the vertical ionization potential of InCl. 26 Using an outer valence GF he obtains 9.21 eV which is in good agreement with our QCISD͑T͒ result of 9.23 eV. A Tamm-Dancoff GF yields 8.99 eV. 26 However, the experimental value for the vertical IP is 9.75 eV. 73 We assume that in order to achieve a more accurate result core-valence correlation must be accounted for. In Table V , e ϭ3.0 D, D 0 ϭ4.2 eV͒. Again, we see a typical small bond distance for InCl due to the core definition of the indium pseudopotential. However, as shown above by MRCI calculations valence correlation has only little effect on the InCl bond distance and our MP2 value with the Hay-Wadt PP is 2.39 Å. We therefore conclude, that the basis sets used by Balasubramanian are not adequate. As mentioned before, these authors calculated a relatively low value for the dipole-moment which they attributed to the fact that an experimentally determined dipole moment would be the vibrational averaged property, ͑0͒, which should be higher than the dipole moment calculated at the equilibrium distance, e . Table V shows that vibrational averaging increases the dipole moment by only 0.03 D ͑!͒. We conclude that the large errors are most likely due to the small basis set used in their study.
The results for InCl 3 are listed in Tables VII and VIII . The decomposition energy ⌬E͑InCl 3 →InClϩCl 2 ͒ should be corrected by zero-point vibrational contributions ͑ZPVC͒. However, for this decomposition we obtain only 3 kJ/mol ZPVC using experimental vibrational data ͑Tables V, VIII, and Ref. 45͒, which can be neglected. Nevertheless, ⌬E ϩZPVC calculated for this reaction is 335 kJ/mol. Table VII shows that the decomposition energy for InCl 3 is not very dependent upon the electron correlation method used and even HF produces a quite reliable value for ⌬E, as this was found earlier for all group 13 fluorides as well as for thallium halides. 19, 20 Calculations on GaF 3 have shown that corevalence correlation effects play only a minor role for such decomposition energies. 19 Hence, we expect that our calculated value of 335 kJ/mol should be reliable. The originally estimated decomposition energy of 201 kJ/mol ͑Ref. 57͒ can therefore be discarded. Moreover, using Barins thermodynamic values 76 Cl isotope splitting which is 2.6 cm Ϫ1 for the 3 mode if all three 35 Cl are substituted by 37 Cl. 78 This splitting does not agree so well with our calculated value of 7.4 cm Ϫ1 , Table VIII.
CONCLUSION
Energy-consistent relativistic pseudopotentials were applied to calculate spectroscopic constant of InCl and InCl 3 . They generally agree well with experimental results. The approximations were discussed in great detail for a system of three valence electron pseudopotentials of indium. We found relatively large differences for the InCl and InCl 3 bond distances between the different pseudopotentials in use. It is not desirable that different fitting schemes for pseudopotentials lead to such differences as this is depicted in Fig. 2 . Accurately adjusted PPs should not deviate too much from each other in their functional form ͑from a certain cutoff radius rϾr c on͒. Concerning the results presented here we cannot find a conclusion which adjustment scheme for the PP parameters is the better one. We conclude, however, that in order to achieve results of higher quality for all spectroscopic constants presented here, especially the In-Cl bond distance, small core pseudopotentials have to be used treating ͑at least͒ the indium 4d electrons as valence electrons. Work in this direction is underway.
The dependence of molecular properties on the vibrational structure was discussed for InCl. Except for the static dipole polarizability ␣ ʈ there is no strong behavior upon the vibrational quantum number n. Electron correlation does not seem to be important for the decomposition energy of InCl 3 into InCl and Cl 2 . Isotope effects are small ͑except, of course, for the NQCC͒. . The MP3 results are given to one more significant figure for better comparison of the chlorine isotope effect.
